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Abstract: As a low-cost alternative technology to conventional expensive short-wavelength 
infrared (SWIR) imaging technology based on InGaAs semiconductors, an infrared (IR)-
to-visible up-conversion organic light-emitting diode (OLED) has recently been developed 
with the potential to convert an IR image to a visible image without pixilation in the device, 
thus enabling a high-quality image at a significantly low-cost. Recent IR-to-visible up-
conversion OLEDs clearly demonstrated the pixel-less SWIR imaging capability directly 
up-converting SWIR images to visible images by using epitaxial-free solution-based 
PbS/PbSe colloidal quantum dots (CQDs) as the SWIR sensitizer. However, the large 
volume synthesis of PbS/PbSe CQDs and the solution-processed device fabrication using 
PbS/PbSe CQDs are still under development and not ready for manufacturing yet.  
In this study, fabrication of all-organic IR-to-visible up-conversion OLEDs is 
demonstrated by replacing colloidal quantum dot SWIR sensitizers to organic SWIR 
sensitizer. In order to achieve the aim, following researches were conducted: (1) discover 
low bandgap small molecules and polymers with strong IR sensitivity in SWIR 
wavelength, (2) investigate electron acceptors with an appropriate energy alignment to 
SWIR sensitive low-bandgap organic electron donors, and (3) study the effect of hole 
blockers in IR-to-visible up-conversion OLEDs. First, low-bandgap organic materials with 
SWIR sensitivity up to 1200 nm are demonstrated using a low-bandgap polymer, poly 4-
(4,8-bis(5-(2-butyloctyl) thiophen-2-yl) benzo[1,2-b:4,5-b′] dithiophen-2-yl)-6,7-diethyl-
[1,2,5]thiadiazolo[3,4-g]quinoxaline (PBDTT-BTQ), newly synthesized by alternating 
strong electron-withdrawing/donating building blocks, and a low-bandgap small molecule, 
SnNcCl2, selected by adding additional conjugated aromatic rings on the phthalocyanine 
framework. Next, photodetectors using the SWIR sensitizing materials are fabricated for 
demonstrating the photoelectric performance of the SWIR sensitizers in actual devices. 
The photodetector using PBDTT-BTQ shows the maximum detectivity of 3 × 1011 Jones 
at the wavelength of 1000 nm, while the SnNcCl2 photodetectors showing the maximum 
detectivity of 2 × 1011 Jones at the wavelength of 1000 nm. Finally, SWIR-to-visible up-
conversion OLEDs using PBDTT-BTQ and SnNcCl2 are demonstrated successfully, with 
sensitivity up to 1200nm. The operation voltage windows are 7 V for the PBDTT-BTQ up-
conversion OLED, and 5 V for the SnNcCl2 up-conversion OLED. The importance of the 
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1. Current Extremely Expensive Epitaxial-Grown InGaAs-based SWIR Imaging 
Technology 
Infrared (IR) imaging devices have attracted a great deal of research interest because of their 
potential applications in range finding, security, semiconductor wafer inspections, night vision as  
Figure 1 Divisions of electromagnetic waves and sub-divisions of infrared region. 
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well as medical imaging.1-10 The short wavelength infrared (SWIR) spectral region between 0.7 
and 2.5 µm is of particular commercial interest due to the low water absorption in this range as 
shown in Figure 111. Because of the low water absorption in the SWIR range, therefore, SWIR 
imaging technology can enable us to see through with highly accurate images even in severe 
situations such as heavy rain, thick foggy, and heavy smoky fire that cannot see through by 
human eyes and visible cameras.  
Current SWIR image sensor technologies as shown in Figure 2 are extremely expensive 
technology because (1) SWIR-sensitive III-V compound semiconductors ALWAYS require an 
expensive epitaxial growth process only suitable for small area applications 12 and (2) the 
epitaxial-grown InGaAs-based SWIR photodetector pixel arrays MUST be connected to Si-based 
readout integrated circuits (ROIC) by problematic chip bonding processes for making IR 
imaging, thus resulting in the tremendous price of more than $20,000. Due to this traditional 
ROIC integration method which is very challenging to make a fine pixel size, furthermore, the 
Figure 2 InGaAs SWIR sensor device structure. 
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final SWIR image sensors have a limited pixel resolution of below 1M pixels. Therefore, the 
applications of the traditional SWIR image sensors have been severely limited. 
 
2. Alternative Approach for Low-cost SWIR Imaging: IR-to-Visible Up-conversion 
devices 
Optical up-conversion devices are optoelectronic devices that convert low energy photons to high 
energy photons.1, 10, 13-19 Generally, these devices consist of a sensitizing part for absorbing low 
energy light and a light-emitting part for emitting high energy light. Therefore, optical up-
conversion devices would be a low-cost alternative IR imaging technology because they offer the 
potential to convert an IR image to a visible image without pixel array in the device. 
2.1. Early Up-conversion Device Based on Epitaxial-grown Inorganic Semiconductors 
Up-conversion devices based on inorganic compound semiconductors have been fabricated by 
integrating an IR photodetector with a light-emitting diode (LED) as shown in Figure 3 (a).14, 15, 18, 
19 However, growing an inorganic LED on top of a photodetector requires lattice matching of two 
material systems; as a result, only a limited choice of materials is available.16, 20, 21 III-V 
semiconductor-based up-conversion devices can only up-convert light of wavelength 1.5 µm to 1 
µm and thus are not possible to up-convert IR to visible lights.19 Ban et. al. combined an organic 
light-emitting diode (OLED) with an InGaAs/InP photodetector to make an IR-to-Visible up-
conversion device as shown in Figure 3 (b),22 and it converts infrared to visible successfully. But 
it has still a limitation that can detect the IR but not get the IR image due to incapable of 
pixelization, because the whole device emits visible lights due to the nature of the InGaAs 
semiconductor. In addition, these inorganic up-conversion devices still require epitaxially growth 
of inorganic semiconductor, which is only suitable for small wafer substrates, and thus are still 
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expensive to fabricate for large-area applications. 
 
2.2. Low-cost Up-conversion OLED with Epitaxial-free Inorganic CQD SWIR 
Sensitizers   
Unlike epitaxial-grown InGaAs-baesed SWIR sensitive semiconductors, solution-processed 
epitaxial-free colloidal quantum dot (CQD) inorganic semiconductors with SWIR 
photosensitivity has great potential for extremely low-cost SWIR imaging because of its inherent 
compatibility with low-cost, low-temperature, and large area processing methods. CQD inorganic 
semiconductors are widely used in optoelectronic applications, where their size-tunable 
optoelectronic properties and their suitability for printing or solution-based processing are 
distinctive features and major assets.23 PbS CQDs with excellent photosensitivity, bandgap 
tunability, and solution processability provide an attractive platform for low-cost multi-spectral 
photodetectors with light sensitivity from the UV/Visible to SWIR (350-2000 nm) spectral 
regions.19 There are numerous reports of devices using PbS CQDs as the infrared sensitizer.19 
Kim et. al. recently reported a solution-processed inorganic PbS CQD photodetector with 
outstanding air-stability and a detectivity of more than 1012 Jones, comparable to epitaxial grown 
InGaAs photodetectors in terms of noise and detectivity. 
Figure 3 Schematic structure diagram of up-conversion devices based on inorganic InGaAs semiconductor. 
(a) InGaAs-GaAs up-conversion device, and (b) InGaAs-OLED up-conversion device. 
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Recently, OLED-based infrared-to-visible up-conversion devices, called to the IR-to-visible up-
conversion OLEDs, have attracted a great deal of research interest as an alternative infrared 
imaging technology because they also offer the potential to convert an infrared image to a visible 
image without pixilation in the device, thus enabling a high-quality image at a significantly low 
cost. 13, 17, 24 The IR-to-visible up-conversion OLEDs have a similar structure compared with 
conventional OLEDs as shown in Figure 4.17 This device is basically an OLED with an epitaxial-
free solution-processed PbS or PbSe CQD as the SWIR sensitizing layer and only emits visible 
light under infrared illumination. 13, 17 The light emission modulation by IR light is clearly 
demonstrated. 
The pixel-less IR imaging capability of the IR-to-visible up-conversion OLEDs are already 
clearly demonstrated by incorporating the IR-to-visible up-conversion OLED into a commercially 
available DSLR camera as shown in Figure 5 (a).24 The active device area of the IR sensitive 
OLED is 1 cm2 and this device has an extremely simple structure with only one anode pad and 
Figure 4 Schematic diagram of the IR-to-visible up-conversion OLEDs. 
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one cathode pad for supplying the electrical power. The photo images of “UF” were taken in the 
dark illuminated with the IR light as shown in Figure 5 (b). The up-converted visible images were 
clear, indicating the high-quality pixel-less imaging capability of IR-to-visible up-conversion 
OLEDs. The upper limit of the image resolution in the IR sensitive OLED will be total film 
thicknesses of about 0.2 µm and thus high-resolution up-converted images can be realized in the 
IR-to-visible up-conversion OLED. 17 
 
Figure 5 (a) Schematic diagram of the IR imaging camera with the IR sensitive OLED and (b) The 










1. Emerging Organic Materials for Electronic Devices 
Organic electronics has been growing because organic materials show the following promising 
characteristics. The most interesting part is that their optical and electrical properties can be easily 
modified by changing their molecular structure. Furthermore, organic materials are suitable for 
low-cost manufacturing because of low-temperature processing, such as thermal evaporation, and 
solution processing. Especially the solution process facilitates low-cost large-area fabrication by a 
printing method. For these advantages, various types of organic electronic devices have been 
developed and compete with conventional inorganic devices. Organic Light Emitting diodes 
(OLEDs)25 are already commercialized and widely used in the consumer electronics market, and 
Organic Photovoltaics (OPVs)26-28, Organic Thin Film Transistors (OTFTs)29, Organic 
Photodetectors (OPDs)5, 30-32, organic memory devices, and organic sensors are currently studied 
fields. In this dissertation, the component elements for the all-organic up-conversion devices, 
OLEDs and organic photodetectors are covered.
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1.1. Potential of Organic Devices for Low-cost SWIR Imaging 
In current organic devices like OLEDs, the production cost can be as low as 170 USD($)/m2 with 
advanced deposition technique33. Using the organic materials to make the up-conversion devices, 
the estimated prices of standalone OLED-based SWIR camera is less than $500, because a typical 
price of a small OLED device (~1”) is less than $1034, and the camera part including optics is few 
hundred dollars35. This is tens of times less cost than the InGaAs camera which requires over than 
$20,000. If the SWIR up-converting devices are developed for the adapter-type devices for the 
existing cameras or smartphones, the device needs only optics and the up-conversion OLEDs 
with driving components. The cost for the adapter-type devices can be as low as $10. With further 
development on manufacturing technologies like printing process, the manufacturing cost will be 
much decreased. 
 
2. Organic Light Emitting Diodes (OLEDs) 
An Organic Light Emitting Diode (OLED) is a light emitting diode (LED) made with organic 
semiconductor materials. Figure 6 shows the basic structure of OLEDs. The OLED is made with 
multiple layers of organic semiconductor thin films. When a bias above the turn-on voltage of the 
OLED is applied to the device, the OLED emits bright light. Currently, OLEDs are widely used 
in display applications such as TVs, monitors, mobile phones, and smartwatches. Organic 
emitters have the advantage of wide color gamut, which results in highly vibrant color 
reproduction. And they are self-emitting devices, the black level can be completely dark, which 
makes the contrast ratio of the display infinity. Additionally, they can be fabricated on various 
substrates like thin metal foils and flexible plastic substrates. The flexibility allows the 
manufacturers to make ultimate form-factors; foldable mobile phones, and rollable TVs. These 
features have made OLEDs as the great display technology for the premium electronics market. 
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In 1963, M. Pope, et al. observed the electroluminescence in single-crystal anthracene36, but its 
hundreds voltage for the operating device was too high due to few micrometers of large thickness. 
C. W. Tang et al. introduced a novel structure of the electroluminescent device in late 1987 as 
shown in Figure 737. They demonstrated a double-layer structure of organic thin-film using 
evaporation. They achieved 1% photon/electron of external quantum efficiency, 1.5lm/W of 
power efficiency, and over 1,000cd/m2 of brightness at under 10V of a driving voltage. The result 
showed a potential of commercializing OLEDs using a multi-layer of organic material. In 1989, 
Figure 7 Configuration of the world first EL cell and molecular structures from C. W. Tang et al.  
Figure 6 Schematic diagram of a basic OLED structure. 
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C. W. Tang et al. proposed a doping method that separates charge transfer and luminescence 38. 
Since using phosphorescence through the doping method, the internal quantum efficiency (IQE) 
of OLED could be increased rapidly. The next big movement in OLEDs was a design of electro-
phosphorescent device39. Forrest et al. used the red emitting phosphorescent dye 
2,3,7,8,12,13,17,18-octaethyl-21H,23H-porphine platinum (II) (PtOEP) as dopant, achieved high 
IQE over than 90%.  
2.1. The basic principle of Organic Light Emitting Diodes 
2.1.1. The Structure of OLEDs 
The OLEDs consist of several organic material layers between the anode and the cathode. Figure 
8 shows the basic structures of OLEDs. To generate electroluminescence (EL), first, electrons and 
holes need to be injected from the anode and the cathode, respectively. Then injected electrons 
and holes are transferred to the Emission Layer (EML) and they recombine. For efficient charge 
transfer, there are multiple organic layers in the OLED structure. The Hole Injection Layer (HIL) 
helps the hole injection from the anode to organic layers. The Hole Transport Layer (HTL) and 
the Electron Transport Layer (ETL) delivers the injected holes and electrons to EML, 
respectively. 
2.1.2. Emission process in EML of OLEDs 
In the emission process of OLEDs, holes and electrons form a singlet or triplet state. The singlets 
can relax with emitting light, but the relaxation of triplets is non-radiative. Figure 9 (a)40 shows 
the spin alignment schema for triplets and singlet. The three triplet states have total spin angular 
momentum of S=1, and the one singlet state has a spin angular momentum of S=040. We can 
assume that the ratio of singlets and triplets is 1:3 by simple spin statistics, and that gives us the 
value of 𝜂𝜂𝑠𝑠𝑠𝑠 will limit the maximum internal efficiency of the device to 25% 41.  
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Non-radiative relaxation occurs in the process of relaxation from triplet states in OLEDs due to 
selection rules: the relaxation from triplet states requires the flip of spin to follow the Pauli 
Exclusion Principle. This decay process has a longer lifetime for radiation, therefore non-
radiative process occurs predominantly. But phosphorescent radiation can occur when spin-flip 
arises by interaction with impurities and defects.  
The guest dopant, heavy mass element organo-metallic phosphors, can enhance the light emission 
by phosphorescence. Figure 9 (b) shows transitions occur in the host-guest system. Singlet energy 
transfer from the host material to the guest material can occur via Foster of Dexter energy 
transfer, but triplet transfer can occur only via Dexter energy transfer 42, 43. These transfers can 




make that all excitons move to guest material. Some studies reported almost 100% of internal 
light efficiency using PtOEP44, and Ir(ppy)345. 
 
3. Organic Photodetectors 
For the photodetection application, organic materials also are attractive due to their strong 
absorption in the visible and near-infrared (IR) regions, color selectivity, and compatibility with 
low-cost roll-to-roll processing. Most of the organic photodetector (OPD) studies have currently 
been focused on the visible applications46 for enhancing the performance of a complementary 
metal-oxide semiconductor (CMOS) image sensor.47-50 Conventional CMOS image sensors 
require the integration of Si-based PDs with color filters for full-color imaging. However, organic 
semiconductors can function as the photoactive layer in the photodetectors as well as the color 
filters in the image sensor because of the relatively narrow absorption spectra of organic 
semiconductors compared to their inorganic counterparts. Because of their unique features, OPDs 
can potentially replace Si-PDs for sensor applications. In addition, the use of organic PDs can 
improve the sensor sensitivity in the near-IR region due to the large absorption coefficients of 
Figure 9 Schematic representations of (a) the spin alignments for the one singlet and three triplet states, and 
(b) the fluorescent and phosphorescent transitions for host–guest systems.  
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many organic materials (>1.0×105 cm-1) at wavelengths above 700 nm, which are significantly 
higher than the corresponding values for silicon (< 2.0×103 cm-1) due to its indirect nature of the 
bandgap.50 Therefore, it is especially advantageous to use near-IR OPDs for near-IR imaging 
applications. Furthermore, the study of infrared detection in OPDs is also important because the 
infrared sensitivity of OPDs can extend their applications to the military, security, scientific, and 
medical areas. Figure 10 shows the basic structure for organic photodetectors. They consist of 
few organic semiconductor layers that absorb the light (photon) or transport photogenerated 
electrons and holes to the cathode and the anode.  
 
 
3.1.  The basic principle of Organic Photodetectors 
3.1.1. Photo-generated excitons in organic semiconductors 
The excited state generated by absorption of a photon is called an exciton, which is a bound state 
of an electron-hole pair. The exciton generation in organic semiconductors can be described by an 
energy band diagram as shown in Figure 11. An incident photon causes excitation of the electron 







Figure 10 Schematic diagram of a basic organic photodetector structure. 
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ground state form excitons. Due to the high exciton binding energy (>1 eV) in organic 
semiconductors, it is difficult to get free carriers without any additional supports. To dissociate 
the photo-generated excitons in organic semiconductors, OPDs require extra energy such as 
external electrical field.30
 
3.1.2. Donor-Acceptor interface for charge dissociation. 
To increase charge dissociation, the donor and acceptor (D-A) model is employed.5 As shown in 
Figure 12, two materials with different energy band form interface that photoinduced charge 
separation occurs. The interface in this state is a charge transfer (CT) state which has relatively 
low exciton binding energy to facilitate charge dissociation because the D-A energy offset is 
relatively higher energy than the energy that binds exciton.51, 52 Therefore, donor-acceptor 
bilayers are typically used as the photoactive layer in OPDs. 
In donor-acceptor bilayer OPDs, the photoactive layers composed of donor and acceptor 
semiconducting organic materials are sandwiched between two electrodes. The donor material 
donates electrons and mainly transports holes and the acceptor material withdraws electrons and 
mainly transports electrons. As depicted in Figure 10, those photoactive materials absorb photons 
Figure 11 Schematic diagram of (a) excitation of electron, and (b) exciton 
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to form excitons, in which electrons are excited from the valence band into the conduction band 
(Light Absorption). Due to the concentration gradient, the excitons diffuse to the donor/acceptor 
interface (Exciton Diffusion) and separate into free holes (positive charge carriers) and electrons 
(negative charge carriers) (Charge Separation). A photo-detection is completed when the holes 
and electrons move to the corresponding electrodes by following either donor or acceptor phase 
(Charge Extraction). 
 
3.1.3. Bulk heterojunction (BHJ) for enlargement of the interface area 
The first demonstration of OPD was reported by Kudo and Moriizumi in 1981.53 They showed 
the potential of spectral selective absorption capability of organic materials. They employed a 
bilayer of merocyanine and rhodamine B to adopt a donor-acceptor structure as shown in Figure 
Figure 12 Basic processes in organic light sensitizing layer visualized in a schematic energy diagram of a 
D–A cell. EF are the Fermi energies of the cathode and anode contacts, respectively. LUMO is the lowest 
unoccupied molecular orbital, and HOMO is the highest occupied molecular orbital of the organic film.   
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13. However, the D-A combination can be fabricated by two methods. One way is a formation of 
D-A planar heterojunction as in the work of Kudo and Moriizumi53, and another is making a 
mixture of the donor and acceptor materials. Blend of the D-A materials forms bulk 
heterojunction (BHJ) layer that the distribution of heterojunction is across the whole layer.27, 54, 55 
Figure 13 shows the different type of heterojunctions. Figure 13 (a) is the planar bilayer, in which 
two thin-film layers are only stacked. The interface area is only between two layers. Figure 13 (b) 
shows the typical BHJ made by mixing two materials, thus the interface area between two 
materials is increased significantly. The ideal BHJ structure is shown in Figure 13 (c). The 
interface area is maximized, while each acceptor and donor materials are connected, respectively, 
thus, photogenerated charges can move through each channel to be collected by each electrode. 
In the aspect of device structures, OPD looks remarkably similar to OPV. But there are several 
different key factors between OPDs and OPVs. The most significant difference is the operation 
condition. While photo-generated charge carriers in OPVs must be extracted by an internal built-
in potential, charge carriers in OPDs can be extracted by an external electric field due to an 




applied reverse bias. Therefore, charge carrier extraction can be further enhanced by this applied 
reverse bias. 
  
4. Infrared-to-Visible Up-conversion OLEDs 
Recently, optoelectronic devices based on organic materials have received a lot of attention 
because of their compatibility with large area manufacturing that enabling a high-quality image at 
a significantly low cost.5, 56-58 IR-to-visible up-conversion OLEDs have a similar structure 
compared with conventional OLEDs as shown in Figure 14 (a)17. Except for the solution-
processed PbSe CQD IR sensitizing layer, IR-to-visible up-conversion OLEDs can be fabricated 
by a simple vacuum thermal evaporation process that is currently being used in a manufacturing 
line of OLED displays. Without IR light irradiation, light emission from the IR-to-visible up-
conversion OLED was not observed until the voltage reached 17 V as shown in Figure 14 (b). 
Upon irradiation with IR light, the device turned on at 8 V along with an onset of green light 
emission, and thus the light emission modulation by IR light is clearly demonstrated.  
Figure 14 (a) Schematic cross-section view and (b) Photo (under IR illumination) L-V characteristics of the 
IR-to-visible up-conversion OLED with PbSe QD as the IR sensitizer.  
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4.1. Basic Principle of Up-conversion OLEDs 
4.1.1. Working Mechanism of the Up-conversion OLEDs 
A schematic energy band diagram of IR-to-visible up-conversion OLEDs is shown in Figure 15 
17. The device is basically an OLED with an IR sensitizing layer. The key to IR sensitive OLEDs 
is to keep the device in an off state even if a forward voltage is applied to the device and turn on 
the device only with IR light. To keep the device off under forward bias, a hole blocking layer 
Figure 15 Schematic energy band diagrams of IR-to-visible up-conversion OLED (a) in the dark and (b) in 
the IR illumination. 
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(HBL) is inserted between the ITO anode and the IR sensitizer to block hole injection from the 
anode. Under IR irradiation, photo-generated holes in the IR sensitizing layer are injected through 
the hole transport layer (HTL) into the emitting layer of the OLED and recombine with electrons 
injected from the cathode to emit visible light.  
4.1.2. Figures of Merits of Up-conversion Devices 
4.1.2.1. Photon-to-Photon Conversion Efficiency 
The IR-to-visible photon-to-photon conversion efficiency (ηcon) is the figure of merit for 












where h is the Planck’s constant, c is the speed of light, λ is the wavelength of the emitted light, 
Iphoto is the photocurrent measured by the photodetector used for the measurements, R(λ) is the 
responsivity of the photodetector, λIR is the wavelength of the incident infrared light, and PIR is 
the incident infrared power. 
4.1.2.2. Turn-on Voltages and Operation Voltage Window 
Other figures of merit for up-conversion devices are the dark turn-on voltage and the operation 
voltage window as shown in Figure 16. The operation voltage window is defined as the voltage 
difference between the dark turn-on voltage (Vdark) and the IR illuminated turn-on voltage (VIR). 
The IR-to-visible up-conversion OLEDs can be operated as the IR sensors representing their 
on/off characteristics under IR excitation within the operation voltage window.  
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1.1. Remaining issue on the Current SWIR-to-visible Up-conversion OLEDs 
In current IR-to-visible up-conversion OLEDs, a solution based PbS/PbSe colloidal quantum dots 
(CQD) was employed as the SWIR sensitizing layer.17 PbS/PbSe CQDs with excellent 
photosensitivity, bandgap tunability, and solution processability provide an attractive platform for 
low-cost epitaxial free SWIR photodetectors with strong IR sensitivity in SWIR wavelengths 
(700 - 3000 nm)59-61 as shown in Figure 1717. However, it is incredibly challenging to synthesize 
monodispersed PbS/PbSe CQDs. Also, large volume synthesis of PbS/PbSe CQDs is still under 
development and thus mass production of PbS/PbSe CQDs is not ready. Therefore, other low-cost 
epitaxial-free SWIR sensitizers are required for realizing low-cost SWIR imaging products based 




1.2. Advantages of Organic Light Sensitizers 
As light sensitizers, organic materials are attractive for visible and near-IR sensing applications 
due to their intrinsic advantages such as strong optical absorption in visible/near-IR wavelengths 
and absorption band selectivity.47, 49, 62-67 Moreover, their inherent compatibility with printable 
and large-area processing methods makes them a promising material for low-cost, flexible 
applications.5, 54 Until now, most organic semiconductors, which have been synthesized especially 
for solar cell applications, show a strong photo-response in the visible range shorter than 700 nm. 
A few low-bandgap organic materials have recently been reported with a near-IR response 
beyond 800nm, thus making them a potential alternative to Si for NIR applications.3, 68, 69 By 
further engineering molecular structure of organic semiconductors, therefore, their optical 
Figure 17 Absorbance spectra of PbSe CQDs with various sizes. (Inset: Absorption coefficient spectrum 
and TEM image of 50nm thick PbSe QD film with 1.3µm peak wavelength.) 
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bandgap can be further lowered, resulting in SWIR sensitivity beyond 1000 nm which Si-based 
photodetectors cannot offer. By using a SWIR sensitive low-bandgap organic IR sensitizer, all-
organic SWIR-to-visible up-conversion OLEDs can be realized for low-cost SWIR imaging 
applications.  
 
2. Specific Aims 
In this dissertation, the research aims to achieve low-cost SWIR-to-visible up-conversion OLEDs 
using organic SWIR sensitizer to replace CQD sensitizers. For the all-organic up-conversion 
OLEDs, 
• Objective 1: Low-bandgap organic donor materials with SWIR sensitivity 
Hypothesis 1-1: Low bandgap polymers 
The investigation of new polymers’ design to lower their bandgap, able to cover the SWIR 
spectrum, can be accomplished following the rule based on the electron-withdrawing/donating 
building blocks strategy. Alternating units with different electron-withdrawing/donating abilities 
in a polymer backbone, it is possible to modulate the gap between the highest occupied molecular 
orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). Especially, low band-gap 
polymers require extraordinarily strong units in terms of electron-withdrawing/donating abilities. 
Hypothesis 1-2: Low bandgap small molecules 
Commercially available low-bandgap small molecules for a SWIR sensitizing layer can be 
explored by the extended conjugation approach. A phthalocyanine family is a popular material 
system for small molecule-based organic photovoltaic and detecting devices. Holmes and 
coworkers reported that IR sensitivity can be extended by the elongated conjugation from the 
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addition of aromatic rings on the molecule.70 The additional conjugated aromatic rings on the 
phthalocyanine framework have also enhanced the absorbance in the IR region. 
 
• Objective 2: Proper acceptors with appropriate energy alignment with the low-bandgap 
organic donors 
Hypothesis 2: Energy level alignment effect in the sensitizing layer 
Even though we successfully find very low-bandgap organic semiconductors by either synthesis 
as well as purchasing, it is very challenging to fabricate SWIR photodetectors as well as SWIR-
to-visible up-conversion OLED by using the low-bandgap organic semiconductors because of the 
nature of the excitonic material with strong binding energy. As excitonic materials, organic 
semiconductors generate excitons, which is strongly bounded electron-hole pairs, by absorbing 
photons irradiated. The exciton dissociation is required to get photogenerated current but the 
photo-generated excitons in organic semiconductors need external forces to be dissociated to 
electron and hole carriers. In typical organic photovoltaic and detecting devices, therefore, the 
donor/acceptor system, which is a mixing of two organic semiconductors: an electron donor and 
an electron acceptor, is used for the exciton dissociation because excitons are easily dissociated at 
the material interfaces with different HOMO and LUMO levels. For the ideal exciton 
dissociation, the LUMO level of the accepter material is lower than the LUMO of the donor 
material. But when the LUMO level of the acceptor has a small offset with the HOMO level of 
the donor material, the charge generation effect occurs under small bias. This effect results high 
dark current in the device which affect the performance of the devices. The combination of 
donors and acceptors with an appropriate energy alignment is vital for efficient exciton 




• Objective 3: Hole Blocking Layer for preventing dark current in up-conversion OLEDs 
Hypothesis 3: The HOMO level effect of the hole blocking layer 
For the operation voltage window, the IR-to-visible up-conversion OLED is to keep the device in 
off-state while a voltage is applied to the device, and the device will only turn-on when infrared 
light is incident onto the device. Ideally, it needs to keep the device off even a large voltage is 
applied to the device. This can be done by suppressing the injection of one type of carrier. 
Therefore, controlling the charge injection is critical to the operation of these IR-to-visible up-
conversion OLEDs. While the operation of up-conversion devices has been demonstrated, the 
effect of charge injection on device performance has not systematically studied previously. A 
good hole blocker needs to extract photogenerated electrons efficiently for avoiding unwanted 
charge accumulation while blocking hole injection from ITO anode. The HOMO of the hole 
blocker should be deep enough to block hole injection from ITO anode, and we need to minimize 










1. Device Fabrication 
1.1. Substrate Preparation 
Pre-patterned ITO coated glass substrates were first cleaned with acetone and isopropyl alcohol in 
an ultrasonic cleaner for 15 minutes each and then rinsed with de-ionized water. The Bransonic 
CPX2800 ultrasonic bath, shown in Figure 18 (a), was used for ultrasonic cleaning. The cleaned 
Figure 18 (a) Bransonic CPX2800 ultrasonic bath and (b) Jelight Model 18 UVO-Cleaner. 
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substrates were dried by nitrogen blowing. For the regular structure devices, which the ITO works 
as the anode, the ITO glass substrates were subsequently treated with UV-O3 for 30 minutes. This 
treatment is to reduce the work function of ITO, which enables better hole injection from the ITO 
anode to the device. Figure 18 (b) shows Jelight Model 18 UVO-Cleaner. In this study, UV-O3 
surface treatment was performed in the atmosphere. 
1.2. Spin-coating 
Spin-coating is a thin film deposition process using centrifugal force to make uniform films onto 
a flat substrate. The vacuum from the center of the chuck, which the substrate is placed on, holds 
the substrate during the spin-coating process. Because the spin-coating process is a solution 
process, a precursor solution is required to prepare. The result of the thickness of the deposited 
film is related to the concentration of the solution and the rotation speed of the spin-coater. This 
method is usually used for the deposition of polymer materials, and various ceramics including 
metal oxides. In this study, two spin-coaters shown in Figure 19 were used for the solution 
process; one in the air for PEDOT:PSS and metal oxide, and one inside the nitrogen glovebox for 
organic materials. 
Figure 19 The pictures of the spin-coaters. (a) Laurell WS-650MZ-23NPPB, and (b) SCS G3P Spin coater. 
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1.3. Thermal Evaporation 
The thermal evaporation is one of the physical vapor deposition techniques. The thermal 
evaporation is usually in a vacuum below 10-6 Torr. Heated evaporation source emits vaporized 
materials, and the gas condenses on the substrate. This method is generally used for organic small 
molecules, some ceramic materials, and metal deposition. 
Figure 20 shows the evaporation system used in this study. Using cryopump, we maintain the 
vacuum level of the chamber in order of 10-7 Torr during evaporation. The vacuum chamber is 
connected inside of the glove box with nitrogen ambient, and it protects both the vacuum 






Figure 20 Inside view of the vacuum chamber for thermal evaporation.  (a) 12-source-heating system 




After fabrication, the encapsulation to prevent oxygen and moisture from the organic devices is 
performed inside the nitrogen atmosphere. Thus, the devices can be free from contact with the 
moisture and oxygen after fabrication. In this study, cavity glass covers, and UV-resin were used 
for encapsulation. Figure 21 shows the UV curing system with the fixture. 
 
2. Device Characterization 
2.1. Photodetector Characterization 
2.1.1. Current density-Voltage (J-V) Characteristics Response 
The J-V characterization is conducted using Keithley 2400 source meter by measuring the current 
through the device while sweeping the voltage, as shown in Figure 22. For photodetectors, the J-
V characteristics under monochromatic light are compared with the characteristics in dark 
condition. 





2.1.2. Spectral Responsivity / External Quantum Efficiency (EQE) 
Spectral Response of the photodetector was measured using an in-house setup, the McScience 
K3100 test system, consisting of calibrated Si and InGaAs photodiodes for the reference EQE, a 
Xenon DC arc lamp, a monochromator, a current amplifier, a chopper, and a lock-in amplifier. 
The Xenon lamp generates full spectrum of light, and the filters and the monochromator select 
specific wavelength of light to get the electric response from the device at a single wavelength. 
The chopper and the lock-in amplifier make light alternated to compare the dark current and the 
current while irradiation. The current difference between the dark and irradiated conditions is 
used for the calculation of the responsivity and the EQE. Figure 23 shows the schematic diagram 
of the system with the actual picture. 




2.2. Up-conversion OLED Characterization: J-V-L Characteristics Response 
Luminance-current-voltage (LIV) characteristics of the IR sensitive OLEDs were measured using 
an in-house setup by integrating the McScience M3000 OLED test system and the McScience 
K3100 EQE test system, consisting of a Photo Research PR-670 spectroradiometer, a Keithley 
2400 source meter, calibrated Si and InGaAs photodiodes, a Xenon DC arc lamp, a 
Figure 23 (a) Schematic diagram and (b) Actual picture of spectral response measurement setup 
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monochromator, a current amplifier, a chopper and a lock-in amplifier. The devices were 
encapsulated, and the measurements were carried out at room temperature under ambient 
atmosphere. This special setup for the characterization of the up-conversion device was required 
because the LIV measurement needs to be performed while IR is irradiated to the sample. A 
novel measurement setup was designed to meet the requirements for the up-conversion device 
characterization. Figure 24 shows the final design of the measurement setup. The IR light coming 
from the monochromator is reflected in the adjustable mirror and irradiates the sample in the jig. 
The emitted light extracted from the sample is measured by the PR670 spectrometer, while the 





Figure 24 The up-conversion characterization system. (a) Schematic diagram, and (b) the picture of the 











Organic optoelectronic materials are currently widely used in commercial products (e.g. OLED, 
liquid-crystal display, and organic solar cell), but their focus has been on ultraviolet (UV) and 
visible light range (250-700nm)71. Recently, infrared detection is emerging due to interesting 
applications in photonics and telecommunications. Detecting photons at longer IR wavelengths 
requires lower-band-gap organic semiconductors. Organic semiconductors are attractive for 
visible and near-IR sensing applications due to their intrinsic advantages such as strong optical 
absorption in visible/near-IR wavelengths and absorption band selectivity.72-75 Moreover, their 
inherent compatibility with printable and large-area processing methods makes them a promising 
material for low-cost, flexible applications.76-79 Until now, most organic materials, which have 
been synthesized especially for solar cell applications, show a strong photo-response in the visible 
range shorter than 700nm.55, 80, 81 A few low-band-gap polymers have recently been reported with 
a near-IR response beyond 800 nm, thus making them a potential alternative to Si for near-IR 
applications. 74, 75, 82-84 By further engineering the molecular structure of polymer semiconductors,   
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therefore, their optical band gap can be further lowered beyond 1100 nm which Si-based 
photodetectors cannot offer.75 There are two types of organic materials: organic small molecules 
including organometallic compounds containing a transition metal, and conjugated polymers. In 
this chapter, the strategy to achieve a low bandgap for both small molecules and polymers will be 
described and demonstrated their optical and electrical properties. 
2. SWIR Sensitive low-bandgap polymer: PBDTT-BTQ 
2.1. Approach for low-bandgap polymer 
The investigation of the new polymer’s design, able to cover the near IR spectrum, has been 
accomplished following the rule based on the electron-withdrawing/donating building blocks 
strategy.85 Alternating units with different electron abilities in a polymer backbone, it is possible 
to modulate the gap between the Highest Occupied Molecular Orbital (HOMO) and the Lowest 
Unoccupied Molecular Orbital (LUMO) in the region of interest, with regard to the band offset. 
Figure 25 Schematic energy band diagram of the electron donating-accepting unit in the polymer molecule. 
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In specific, every low band gap polymer74, 86-88 requires very strong units in terms of electron-
donating and electron-withdrawing abilities to be combined, followed by a cautious HOMO 
LUMO level alignment between Acceptor and Donor material used in the active layer, as shown 
in Figure 25. In fact, the shrinking of the HOMO-LUMO band gap reduces the effective working 
window for a good charge transfer between the species, and careful modulation of HOMO and 
LUMO levels of the Donor (low bandgap polymer) not too far from the ones of the Acceptor 
(PCBM) for disfavoring losses mechanisms, needed to be addressed.  
2.2. Novel Low-bandgap Polymer Synthesis: PBDTT-BTQ 
In the landscape of strong electron-withdrawing units, a specific building block attracts the 
attention being employed in a low bandgap polymer with an unprecedented Eopt of 1 eV for 
organic solar cell (OSC) and photodetector (PD) applications.89 The unit based on 
thiadiazolo[3,4]quinoxaline named BTQ turned out to be an optimal aspirant for reaching near IR 
absorption’s peak. In that contribution, the BTQ based polymer showed a very promising value of 
noise equivalent power (NEP) as low as 2×10–9 W, which is one of the important aspects in 
photo-sensor to get a very high detectivity. Since then the BTQ based polymers have been 
employed in a few OSC and transistor works,90-98 further insights were needed on this motif 
mainly persistent on PD. 
Among the strong electron-donating units, particular attention to the Benzodithiophene (BDT) 
based structure has been considered. Thanks to the easy synthetic approach nonetheless its 
declared versatility demonstrated in many performing polymers for OCS99, the BDT core 
structure turned to be a good candidate to fulfill the requirement for an affordable and performing 
polymer. In particular, 4,8-bis(5-(2-butyloctyl)thiophen-2-yl)benzo[1,2-b:4,5-b']dithiophene 
commonly (BDTT), thanks to the presence of additional thiophene rings influencing the planarity 
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of the polymer backbone, it is well known for broadening the absorption patterns100, 101, feature 
essential for application in IR photodetectors.  
A novel low bandgap polymer, Poly 4-(4,8-bis(5-(2-butyloctyl) thiophen-2-yl) benzo[1,2-b:4,5-b′
] dithiophen-2-yl)-6,7-diethyl-[1,2,5]thiadiazolo[3,4-g]quinoxaline (PBDTT-BTQ) was 
synthesized by using the electron-withdrawing/donating building blocks strategy with a strong 
collaboration with Dr. Beaujuge group, King Abdullah University of Science and Engineering 
(KAUST). The chemical reaction equation is shown in Figure 26. 
Monomer BDTT(2BO) (0.29 mmol) was combined with monomer BTQ (0.29 mmol), a stir bar, 
tris(dibenzylideneacetone)dipalladium (7.9 mg, 8.7×10-3 mmol) and tri-o-tolylphosphine (11.5  
mg,  3.8×10-2 mmol) in a 10 mL microwave reaction vial. The reaction vial was subjected to five 
vacuum-nitrogen cycles. Then, freshly degassed chlorobenzene (5 mL) was added to the vial and 
the reaction mixture was stirred for 2 days in oil bath at 140 °C. The mixture was slowly 
precipitated into methanol (100 mL). The precipitate was filtered through a Soxhlet thimble and 
purified via consecutive Soxhlet extractions with acetone (6 h) followed by dichloromethane (12 
h), and the polymer was finally collected with chloroform. The organic solution was concentrated 
by evaporation, precipitated into methanol (100 mL), and the polymer residues were filtered off. 
The Mn and Mw were performed in GPC at 130 °C using trichlorobenzene as eluent and 




calibration using polystirene as standard. The fractionation (Fr 1-2) of the two Mn values has 
been performed using GPC in chlorobenzene at 90°C. 
Table 1 Polymer Properties of PBDTT_BTQ 
Polymer name Quantity/Yield Mn (KDa) Mw (KDa) PDI 
PBDTT_BTQ Fede325 240mg/89% 38.4 97.2 2.5 
 
2.3. Optical properties of PBDTT-BTQ 
PBDTT-BTQ showed a strong photo-response in SWIR wavelengths of 700−1200 nm as shown 
in Figure 287. PBDTT-BTQ shows a significantly high absorption coefficient of over 1 × 104 cm-
1 for near-IR wavelengths of 800-1100 nm compared to Si with low absorption coefficients of 
1×103 - 1×101 cm-1 for near-IR wavelengths of 800-1100 nm.102 The absorption onset is around 
1,200 nm, corresponding to a bandgap of ~1.0 eV. The HOMO level of PBDTT-BTQ was 
measured by photoelectron spectroscopy in air (PESA) and is -4.8 eV as shown in Figure 28. The 
LUMO level of PBDTT-BTQ is -3.8 eV, which was obtained by using the optical bandgap and 




Figure 27 Comparison of absorption coefficients of Si, P3HT (film), and PBDTT-BTQ (film). 




3. SWIR Sensitive low-bandgap small molecule: SnNcCl2 
3.1. Approach for low-bandgap small molecule 
To improve the OPDs’ competitiveness, their absorption spectra need to be extended further to 
the infrared area. Extension of the photoresponse to longer infrared wavelengths could be 
achieved by the employment of the low-bandgap organic semiconductors for an absorption layer. 
Commercially available low-bandgap small molecules for a SWIR sensitizing layer can be 
explored by the extended conjugation approach as shown in Figure 29. Holmes and coworkers 
reported that IR sensitivity can be extended by the elongated conjugation from the addition of 
Figure 28 Schematic diagram for showing extended conjugation approach. The number of aromatic ring 
increment results the bandgap reduction. 
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aromatic rings on the molecule.70 The additional conjugated aromatic rings on the phthalocyanine 
framework have also enhanced the absorbance in the  IR region. 
3.2. Low-bandgap small molecule selection 
The most common small molecule materials for near-IR OPDs are cyanine derivatives, such as 
metal phthalocyanines.103-113 Zhang, et al. demonstrated transparent NIR OPDs using 
heptamethine cyanine dye, Cy7-T.69 They achieved the absorption of ~900nm with 850nm peak 
absorption wavelength. Lv, et al. introduced NdPc2/C60 Heterojunction OPD.104 They utilized 
exciplex absorption to achieve the absorption of ~900nm. Lead phthalocyanine(PbPc)/C60 
Heterojunction OPD was demonstrated by Wang, et al.103 PbPc absorbed broadly on 600nm to 
1000nm, and the absorption spectrum extended to 1100nm.  One of the most promising 
candidates is tin naphthalocyanine dichloride (SnNcCl2).65 Pandey, et al. fabricated organic solar 
cells with SnNcCl2,114 and three papers on OPDs with O-SnNcCl2,115, 116 and SnNcCl2.65 The 
utilization of SnNcCl2 will extend infrared absorption to ~1200nm. Furthermore, Jakubikova, et 
el. reported that the absorption peak can be moved toward longer wavelengths by modification of 
the functional group on SnNcCl2 molecule.117 A commercially available low-bandgap small 
Figure 29 Chemical structures of (a) SnPc, and (b) SnNcCl2. 
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molecule material, SnNcCl2 was selected by following elongated conjugation strategy adding 
aromatic rings on the phthalocyanine-based small molecule as shown in Figure 30 (a) and (b). 
Because SnNcCl2 has longer benzene rings comparing to SnPc, it is expected that SnNcCl2 
features lower bandgap and longer-wavelength SWIR absorption. 
3.3. Optical property of SnNcCl2 
Figure 31 is the comparison of the absorption coefficient spectrum of pristine SnNcCl2 film along 
with the spectra of conventional organic visible/NIR sensitizers, CuPc and SnPc, and the 
spectrum of Si as a reference. SnNcCl2 shows a significantly high absorption coefficient of over 1 
× 104 cm-1 for SWIR wavelengths of ~1,200nm compared to Si with low absorption coefficients 
of 1×103 - 1×101 cm-1 for wavelengths of 800-1100 nm. The absorption onset is around 1,400 nm, 
corresponding to an optical bandgap of ~0.9 eV.  
Figure 30 The absorption coefficient spectra of SnNcCl2 and other photovoltaic materials.  
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The ultraviolet photoelectron spectroscopy (UPS) measurements were performed using a 
modified VG ESCA Lab system, an ultrahigh vacuum (UHV) system equipped with a He 
discharge lamp. The base pressure of the spectrometer chamber is typically 8×10-11 torr. The UPS 
spectra were recorded by using unfiltered He І (21.2 eV) excitation as the excitation source with 
the sample biased at -5.00 V to observe the low-energy secondary cutoff.  The UV light spot size 
on the sample is about 1 mm in diameter. The typical instrumental resolution for UPS 
measurements is 0.1 eV. 
The highest occupied molecular orbital (HOMO) level of SnNcCl2 measured by UPS is -4.91 eV, 
as shown in Figure 32. The lowest unoccupied molecular orbital (LUMO) level of SnNcCl2 is -
4.01 eV, and its bandgap is 0.9eV. 
Figure 31 The UPS spectra of SnNcCl2. The work function is 4.45 eV, HOMO offset is 0.46 eV, and 






SWIR SENSITIVE ORGANIC PHOTODETECTORS  





Near-infrared (NIR) photodetectors have been used in optical communication, imaging, security, 
ranging, and consumer electronics118-122. Especially, NIR organic photodetectors have been 
attracted great attention because it has advantages such as low-cost fabrication, large-area 
detection, tunable response spectrum, lightweight, flexibility, and chemical versatility123-126. In the 
organic photodetectors, their sensitizing part consists of donor-acceptor (D-A) structure, because 
the organic materials are excitonic materials which have a relatively high binding energy requires 
donor-acceptor structure to dissociate exciton and get photocurrent.127 The donor and acceptor 
materials need to have proper energy level offset for efficient exciton separation. Especially for 
SWIR sensitizing materials, due to their extremely low bandgap, energy band offset effects on the 
performance of the photodetector significantly. In this chapter, photodetectors using SWIR 




2. The Figure of merit for the photodiodes: Specific Detectivity (D*) 
The figure of merit for exhibiting the performance of a photodetector is the specific detectivity 
(D*). The D* is the most important parameter to describe photodetector’s performance. To 
understand D*, first, the Noise Equivalent Power (NEP) needs to be cleared. The NEP is the light 




                                (1) 
where Snoise is the noise spectral density in units of A/√𝐻𝐻𝐻𝐻, and ∆𝑜𝑜 is the bandwidth (BW) in unit 
of Hz. The reciprocal of NEP is detectivity D of the device. D can determine D*be normalized 
with BW ∆f, and device area A. to be useful unit of the comparison for photodetectors. The 
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in unit of Jones (cm√𝐻𝐻𝐻𝐻/W). In OPDs, the shot noise from the dark current is the dominant 







                           (3) 
where 𝐽𝐽dark is the dark current density, R is the spectral responsivity, and EQE is the external 
quantum efficiency. Yao, et al. reported in 2007, the experimental result of the device noise 
current was matched well with the calculated shot noise.128  
As shown in equation (3), the keys for performance improvement of the photodiode are an 
increase of the responsivity and reduction of 𝐽𝐽dark. The EQE is the percentage of the extracted 
electrons from the device by the incident photons to the device. It is also called the incident 
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photon-to-current efficiency (IPCE). The higher EQE indicates better performance on 
photodetection. The responsivity is the ratio between the input light power and the output current. 









                                       (5) 
where Iph is the photocurrent, Popt is the power of incident light, ℎ𝜈𝜈 is the energy of the incident 
photon, and q is the element electron charge, respectively. When the incident light power is fixed, 
the EQE is determined by the photocurrent of the device. Therefore, people focus on the 
photocurrent enhancement to get higher EQE. 
The value of the dark current in a photodetector can vary by several orders of magnitude 
depending on the device architecture.75 Under reverse bias, a major source of dark current is 
charge injection from the electrodes. To lower this dark current in a photodetector, therefore, it is 
especially important to suppress charge injection considerably from both electrodes. In SWIR-
sensitive organic photodetectors, low dark currents are more challenging due to the narrow 
bandgap of NIR-sensitive organic materials and thus it is important to have an electron blocking 
layer (EBL) and a hole blocking layer (HBL) inserted between the electrodes and the photoactive 
layer to reduce its dark current, as shown in Figure 33. Additionally, the minimization of the dark 






3. SWIR photodetector using PBDTT-BTQ as a SWIR sensitizer 
3.1. Evaluation of the photoelectric performance of PBDTT-BTQ in the photodetector 
To evaluate a PBDTT-BTQ as the SWIR sensitizer, the SWIR photodetectors are first fabricated 
with a PBDTT-BTQ:PC60BM bulk heterojunction film as the photoactive layer. PBDTT-BTQ 
SWIR photodetectors are fabricated with both regular (EBL/photoactive layer/HBL) and inverted 
(HBL/photoactive layer/EBL) structures. A 5 nm-thick layer of molybdenum trioxide (MoO3) 
was thermally evaporated onto the cleaned ITO substrates. A 10mg/ml solution of Poly-TPD 
(American Dye Source) in dichlorobenzene was spin-coated at 4000 rpm for 60 seconds and 
annealed at 110°C for 30 minutes. The PBDTT-BTQ:PC60BM precursor solution was then spin-
coated at 1000 rpm for 60 seconds and annealed a 110°C for 10 minutes. The device was finished 
by thermally evaporating BCP (10 nm), LiF(1 nm), and Al(100 nm) sequentially. For the inverted 
photodetectors, the ZnO precursor was spin-coated at 4000 rpm for 60s and then annealed at 
Figure 32 Schematic energy band diagram of the photodetector structure. 
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350°C for 20 minutes in the ambient. The substrate was subsequently introduced into a nitrogen 
glove box. The PBDTT-BTQ:PC60BM precursor solution was then spin-coated at 1000 rpm for 
60 seconds and annealed a 110°C for 10 minutes. The device fabrication was completed by 
sequential thermal evaporation of m-MTDATA (10 nm), MoOx (5 nm), and Al (100nm). All 
devices were encapsulated with a cavity glass and UV-curable epoxy. The regular device 
structure is ITO/MoO3 (5 nm)/Poly(4-butylphenyl-diphenyl-amine (Poly-TPD) (40 nm)/PBDTT-
BTQ:PC60BM (200 nm)/2,9-Dimethyl -4,7-diphenyl-1,10-phenanthroline (BCP) (10 nm)/LiF(1 
nm)/Al (100 nm). Poly-TPD and BCP are used as an EBL and an HBL, respectively. The inverted 
device structure is ITO/ZnO/PBDTT-BTQ:PC60BM (100nm)/ 4,4’,4”-Tris[(3-
methylphenyl)phenylamino]triphenylamine (m-MTDATA) (10 nm)/MoO3 (5 nm)/Al (100 nm). 
ZnO and m-MTDATA are used as an HBL and an EBL, respectively. Both regular and inverted 
devices employ both an EBL and an HBL to decrease the dark current and the schematic energy 
band diagrams of both regular and inverted devices are shown in Figure 34 (a) and (b). 
The current-voltage (J-V) characteristics of the PBDTT-BTQ photodetectors under dark and 
SWIR illumination (876µW/cm2 at 1000nm) are shown in Figure 35 (a) and (b). Both 
photodetectors exhibit typical rectifying characteristics of a diode with rectification ratios of 1.4 × 
104 (± 1 V) and 0.9 × 103 (± 1 V) in regular and inverted devices, respectively. The dark currents 
are 3.5 × 10-5 mA/cm2 and 8.8 × 10-6 mA/cm2 for the regular and inverted devices at −1 V, 
respectively. The photodetectors with both hole and electron blockers show significantly low dark 
currents even in the low-bandgap nature of the PBDTT-BTQ polymer with a very narrow 
bandgap of 1.0 eV, which is relatively very narrow compared to typical polymer donor materials 
used as the visible absorber.80 Photodetectors with an inverted structure show a lower dark current 
compared to that with a regular structure. It indicates that the ZnO/m-MTDATA combination is 
better charge blocking layers compared to the BCP/Poly-TPD combination because ZnO and m-
50 
 
Figure 33 Energy band diagram of (a) the regular photodetector and (b) the inverted photodetector.  
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Figure 34 J−V characteristics of (a) the regular device and (a) the inverted device. 
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MTDATA create higher barriers for hole and electron injection from electrodes, respectively, as 
shown in Figure 34. 
Spectral detectivities of the photodetectors under -1V are shown in Figure 36, which are similar 
to the absorption spectrum of the pristine PBDTT-BTQ film, showing a peak wavelength of 1000 
nm. The detectivity values of the regular photodetector are over 1 × 1010 Jones at SWIR 
wavelengths from 800nm to 1150nm, and the maximum detectivity value is 8.4 × 1010 Jones at 
the wavelength of 1000 nm. Due to the lower dark current in the inverted device compared to the 
regular device, the inverted device exhibits higher detectivity than regular photodetector. The 
detectivity values of the inverted photodetector are over 1.0 × 1011 Jones at SWIR wavelengths 
from 800nm to 1100nm, and the maximum detectivity value is 3.0× 1011 Jones at the wavelength 
of 1000 nm.  
To further understand the relationship between the detectivity and the dark current, the 
photodetectors are fabricated with various active layer thicknesses (70, 100, 135, and 200 nm) by 
Figure 35 Spectral detectivity of regular and inverted photodetectors under an applied bias of -1 V. 
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controlling the PBDTT-BTQ:PC60BM precursor solution concentration (15, 20, 25, and 30 mg/ 
mL).  J−V characteristics of the photodetectors with various active layer thicknesses are shown in 
Figure 37. Figure 38 (a)  shows the dependence of the active layer thickness on the photocurrent 
and dark current under reverse bias (−1 V). In both regular and inverted devices, the dark currents 
decrease significantly with increasing the active layer thickness. The dark current in the regular 
device decreases by 2 orders of magnitude as the active layer thickness increases from 70 to 200 
nm, resulting in a low dark current density of 3.5 × 10−5 mA/cm2.  For the inverted device, the 
dark current decreases by 2 orders of magnitude from 1.0 × 10−3 to 8.8 × 10−6 mA/cm2 with 
increasing the active layer thickness from 70 to 100 nm. It should be noted that there is no 
significant change in photocurrent as the active layer thickness increases from 70 to 200 nm. 
While increasing the active layer thickness is expected to decrease the photocurrent due to the 
increase of the bulk resistance in the device, conversely, the light absorption is expected to be 
enhanced due to the thick photoactive layer.  The resulting photocurrent shows no significant 
change with various active layer thicknesses. Due to the significant reduction of dark current with 
increased active layer thickness, the detectivity enhances from 2.1 × 1010 to 3.1 × 1011 Jones 




Figure 36 Dark and photo J-V characteristics of (a) the regular and (b) inverted photodetectors with 




Figure 37 (a) Dependence of the photocurrent and dark current on the active layer thickness for regular and 
inverted devices. (b) Dependence of detectivity on the active layer thickness for regular and inverted 




3.2. Investigation on the origin of low EQE 
The PBDTT-BTQ photodetectors show very low external quantum efficiencies (EQEs) of below 
10 % in the wavelengths from 300 nm to 1,200 nm as shown in Figure 39. While the EQEs at the 
wavelengths below 500 nm are ~5 % and slightly higher than that at near-IR wavelengths, the 
EQEs at the near-IR wavelengths beyond 600 nm is extremely low (below 2%) even under the 
reverse bias of -1 V.  
The possible reason for these low EQE is unfavorable energy band alignment between the 
PBDTT-BTQ donor and the PC60BM acceptor. It is incredibly challenging to fabricate SWIR 
photodetectors by using the low-bandgap organic semiconductors because of the nature of the 
excitonic material with strong binding energy. As excitonic materials, organic semiconductors 
generate excitons, which is strongly bounded electron-hole pairs, by absorbing photons irradiated. 
The exciton dissociation is required to get photogenerated current but the photo-generated 
excitons in organic semiconductors need external forces to be dissociated to electron and hole 
carriers. In typical organic photovoltaic and detecting devices, therefore, the donor/acceptor 
system, which is a mixing of two organic semiconductors: an electron donor and an electron 
acceptor, is used for the exciton dissociation because excitons are easily dissociated at the 
material interfaces with different HOMO and LUMO levels. The combination of donors and 
acceptors with an appropriate energy alignment is vital for efficient exciton dissociation in 
organic SWIR sensitizer. Therefore, the excitonic material, PBDTT-BTQ as a donor, needs to 
have an acceptor with a proper energy band alignment to efficiently dissociate photo-generated 
excitons. In the ideal case, the LUMO level of a donor needs to be shallower than that of an 
acceptor for efficient exciton dissociation, but the LUMO of PBDTT-BTQ (3.8 eV) is deeper than 
that of PC60BM (3.6 eV) thus resulting in poor exciton dissociation. Therefore, there is still room 
to further enhance the EQE and, eventually, the detectivity in the PBDTT-BTQ-based near-IR 




Figure 38 (a) EQE spectra of regular and inverted photodetectors. (b) Dependence of EQE on the active 
layer thickness under a monochromatic IR light of 1000 nm.  
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4. SWIR Photodetector using SnNcCl2 as a SWIR sensitizer 
4.1. Evaluation of the photoelectric performance of SnNcCl2 in the photodetector 
To find appropriate acceptor materials for SnNcCl2 SWIR sensitizer, photodetectors with 
different acceptor materials are fabricated with inverted (HBL/photoactive layer/EBL) structures. 
The inverted device structure is ITO / ZnO / Acceptor / SnNcCl2 (30nm) / 4,4’,4”-Tris[(3-
methylphenyl)phenylamino]triphenylamine (m-MTDATA) (10 nm) / MoO3 (5 nm) / Al (100 
nm). Two acceptors (C60 and PCBM) were compared to see the effect of the band offset between 
the HOMO of the donor and the LUMO of the acceptor. ZnO and m-MTDATA are used as an 
HBL and an EBL, respectively. The photodetector devices employ both an EBL and an HBL to 
decrease the dark current and the schematic energy band diagrams of the SnNcCl2 photodetector 
is shown in Figure 40 (a) and (b).  
The current-voltage (J-V) characteristics of the SnNcCl2 photodetectors under dark and near-IR 
illumination (876µW/cm2 at 1000nm) are shown in Figure 41. In the C60 device, a small energy 
band offset between the LUMO of C60 and the HOMO of SnNcCl2 makes the charge generation 
effect, resulting in the increased dark currents as shown in Figure 41. Contrastively, in the device 
using PCBM as an acceptor, the dark current decreased significantly, roughly 102 order, which 
can affect enormously to the performance of the IR-to-Visible up-conversion devices.  
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Spectral detectivities of the photodetectors under -0.1V are shown in Figure 42. The device shows 
a multispectral response with photosensitivity from 300 to 1,200 nm. The detectivity spectra are 
like the absorption spectrum of the pristine SnNcCl2 film, showing a peak wavelength of 880 nm. 
The detectivity values of the inverted photodetector are over 1 × 1011 Jones at near-IR 
wavelengths from 700nm to 1050nm, and the maximum detectivity value is 5 × 1010 Jones at the 
wavelength of 880 nm.  





4.2. Effect of SnNcCl2 SWIR Sensitizer Thickness on the Photodetector Performances 
The SnNcCl2 layer is the most important layer for the photodetector which absorbs the targeted 
SWIR wavelength of the light and generates photoelectric effect inside the molecule. To verify 
the effect of the thickness of SnNcCl2, photodetectors with the various thicknesses (20, 40, 50nm) 
were fabricated. J−V characteristics of the photodetectors with various active layer thicknesses 
are shown in Figure 43. Figure 44 shows the dark current and detectivity values changing with 
the thickness of the sensitizing material at the bias of -1V. With increasing the thickness from 
20nm to 50nm, the IR photocurrent was increasing from 4.32 × 10-3 mA/cm2 to 8.33 × 10-3 
mA/cm2, and the dark current was decreasing from 5.71 × 10-3 mA/cm2 to 3.15 × 10-3 mA/cm2. 
The reason for the increase of the IR current is that the absorbance is directly proportional to the 
Figure 41 The spectral detectivity of the SnNcCl2 photodetector. (inlet: the structure of the photodetector) 
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thickness of the materials. Due to the increased amount of the absorbed light, the photogeneration 
in the sensitizing layer also can be enhanced, resulting in high IR photocurrent in the 
photodetector. For the reduction of dark current, the bulk resistance which is increased with the 
thickness of the material reduces the current passing through the photodetector. As the outcome 
of the increase of the photocurrent and the reduction of the dark current, the detectivity of the 
photodetectors was enhanced with increased thickness, from 2.54 × 1011 Jones to 6.67 × 1011 
Jones, as shown in Figure 44 (b). Figure 43 shows the J-V characteristics of the photodetectors 
with different SnNcCl2 thickness. The photocurrent plots (dashed lines) are increased with the 
thickness of the SnNcCl2, and the dark current plots (solid lines) are decreased for the thicker 
layer. Figure 45 also clearly shows the increase of the photoelectric response in the SnNcCl2 
absorption range in the IR region. The external quantum efficiency at the peak wavelength of 
absorption, 880nm, is increased from 1.26 % to 1.71%, under the bias of -0.5V.  





Figure 43 (a) Dependence of the photocurrent and dark current on the active layer thickness, and (b) 
Dependence of detectivity on the active layer thickness. The photocurrent was measured by irradiating the 




Figure 44 (a) EQE spectra of SnNcCl2 photodetectors. (b) Dependence of EQE on the active layer thickness 











Infrared-to-visible up-conversion OLEDs have great potential because they are based on widely 
used OLED technology, which has advantages in low-cost and large-area manufacturing. 
Especially in the SWIR detection field, OLED-based up-conversion devices have a great 
possibility on a competitive price, because conventional SWIR imaging is based on extremely 
expensive InGaAs inorganic semiconductors. The SWIR-to-visible up-conversion OLEDs consist 
of two parts; a photodiode part which detects targeted wavelength range of the light, and an 
OLED part which emit visible light. The OLED field has been studied enormously and already 
commercialized for popular consumer electronics, but research on organic photoelectric devices 
including organic solar cells and photodetectors, especially on the infrared range, has not been 
performed as much as in OLEDs. Due to the limitation of infrared sensitizer, in the latest SWIR-
to-visible up-conversion OLED employed inorganic colloidal PbSe quantum dots (QDs) as a 
sensitizer to have infrared sensitivity beyond the infrared wavelength of 1µm. But the inorganic 
QD cannot make low-cost because their synthesis method, hot-injection synthesis, is not easy to 
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scale for low-cost and mass production. Additionally, the QD contains toxic element Pb, is not 
suitable for consumer electronics. To realize low-cost SWIR-to-visible up-conversion OLEDs, 
the QD SWIR sensitizer needs to be replaced with organic SWIR sensitizing materials. In this 
chapter, SWIR-to-visible up-conversion OLEDs using a polymer and a small molecule SWIR 
organic sensitizer are demonstrated. 
2. All-Organic SWIR-to-Visible up-conversion OLEDs with a low-bandgap polymer 
SWIR sensitizer, PBDTT-BTQ 
2.1. Demonstration of the PBDTT-BTQ SWIR-to-visible up-conversion OLED 
Based on the photodetector work using PBDTT-BTQ as the SWIR absorber, IR sensitive OLEDs 
were fabricated, functioning as a SWIR-to-visible up-conversion device, with a SWIR sensitivity 
up to 1200nm using a PBDTT-BTQ as the polymer SWIR sensitizer. For the IR sensitive OLEDs, 
the ZnO precursor was spin-coated at 4000 rpm for 60s and then annealed at 350°C for 20 
minutes in the ambient. The substrate was subsequently introduced into a nitrogen glove box. The 
PBDTT-BTQ:PC60BM precursor solution was then spin-coated at 1000 rpm for 60 seconds and 
Figure 45 Energy band diagram for the IR sensitive OLED. 
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annealed a 110°C for 10 minutes. The substrate was transferred to the thermal evaporation 
chamber where m-MTDATA (15 nm), TAPC (30nm), 9% Irppy3 doped CBP (20nm), TPBi (45 
nm), LiF (1 nm) and Al (100 nm) were sequentially deposited. All devices were encapsulated 
with a cavity glass and UV-curable epoxy.  A schematic energy band diagram of the IR sensitive 




benzimidazole) (TPBi) (45 nm)/LiF (1 nm)/Al (100 nm) is shown in Figure 46. In the IR sensitive 
OLED with a PBDTT-BTQ as the polymer IR sensitizing layer, to keep the device off under 
forward bias, a ZnO HBL is inserted between the ITO anode and the polymer IR sensitizer to 
block hole injection from the anode. Under IR irradiation, photo-generated holes in the PBDTT-
BTQ:PC60BM IR sensitizing layer are injected through the m-MTDATA/TAPC double hole 
transport layers (HTLs) into the 9% Ir(ppy)3 doped CBP green emitting layer of the OLED and 
recombine with electrons injected from the cathode to emit green visible light. The all-organic IR 
up-conversion OLED with a PBDTT-BTQ IR sensitizer successfully converted invisible near-IR 
light of 700−1100 nm directly to visible green light with a peak emission wavelength of 520 nm. 
Figure 46 is the energy band structure of the device.  
Figure 47 (a) shows the luminance−current density−voltage (L−J−V) characteristics of the IR-
to-visible up-conversion OLED under dark and SWIR illumination (876 μW/cm2 at 1000 nm). In 
the dark without IR illumination, light emission from the IR-to-visible up-conversion OLED was 
not observed until the applied voltage reached 10.5 V as shown in Figure 47 (a). With SWIR 
irradiation (876 μW/cm2 at 1000 nm), the device turned on at 3.5 V along with an onset of green 
light emission, and thus, the light emission modulation by IR light is clearly demonstrated. Figure 
47 (b) shows the spectral IR-to-visible photon-to-photon conversion efficiency under 9.5 V. The 
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photon-to-photon conversion efficiency spectrum is similar to the detectivity and the EQE spectra 
of PBDTT-BTQ-based photodetector as shown in Figure 36 and Figure 39, respectively. The all-
organic IR-to-visible up-conversion OLED shows IR sensitivity up to 1100 nm, and the photon-
Figure 46 (a) J−V−L characteristics of the IR sensitive OLED, and (b) Spectral IR-to-visible photon-to-
photon conversion efficiency of the IR sensitive OLED. 
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to-photon conversion efficiencies at the near-IR wavelengths from 700 to 1000 nm are ∼0.8%. 
The possible reason for the low photon-to-photon conversion efficiency is a poor exciton 
dissociation due to unfavorable energy band alignment between the PBDTT-BTQ donor and the 
PC60BM acceptor, which is the same reason in the PBDTT-BTQ-based photodetectors as shown 
in Figure 39. Figure 48 shows the images of the IR-to-visible up-conversion OLED at 10 V with 
and without near-IR illumination. The switching effect of green light-emitting by near-IR light 
irradiation was clearly shown. This is the very first report of an all-organic IR-to-visible up-
conversion OLED with near-IR sensitivity up to 1100 nm using a polymer near-IR sensitizer.  
 
 
2.2. Thickness Effect of the PBDTT-BTQ:PCBM SWIR Sensitizing Layer of Up-
conversion OLEDs 
Thickness variation of SWIR sensitizing layer by changing the concentration of the precursor 
solution was performed. In the photodetector, a thicker active layer offers lower dark current and 
higher photocurrent, which increased the performance of the photodetector. In the up-conversion 
Figure 47 Image of the IR sensitive OLED under no IR and IR irradiation when the applied bias is 10 V. 
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Figure 48 (a) J−V−L characteristics and (b) Spectral IR-to-visible photon-to-photon conversion efficiency 
of the IR sensitive OLED with various sensitizing layer thickness 
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OLEDs, a thicker active layer made both the photocurrent and the dark current as shown in 
Figure 49 (a). The thick active layer increased the bulk resistance which reduced the current 
through the device for both conditions. As result, the luminance is decreased, but the dark turn-on 
voltage is increased by 2.5V, which enlarges the operation voltage window. Figure 49 (b) shows 
spectral photon-to-photon efficiency, which shows that there is no significant difference in IR 







3. All-organic SWIR-to-visible up-conversion OLEDs with a low-bandgap small molecule, 
SnNcCl2 
3.1. Demonstration of the SnNcCl2 SWIR-to-visible up-conversion OLED 
The photoelectric property of SnNcCl2 to sensitize SWIR was proven in photodetectors in the 
previous section. In the photodetectors’ results, PCBM/SnNcCl2 SWIR absorption layer can 
successfully generate electric current under SWIR irradiation with the low dark current level. 
ZnO will be used as hole blockers for the up-conversion device. Because the PCBM layer is 
solution-processed, the solution-processed hole blocker ZnO is required for device fabrication. 
Figure 50 shows the schematic energy band diagram of the SWIR-to-green up-conversion OLED.  
The device structure is following: ITO/ZnO/ PCBM/SnNcCl2/4,4’-Cylcohexylidenebis[N,N-
bis(4methylphenyl)benzenamine (TAPC) (30nm)/4,4’-Bis(9-carbazolyl-1,1’-biphenyl,4,4-N,N’-
Dicarbazole-1,1’-biphenyl (CBP):9% Tris[2-phenylpyridine]iridium(III) (Ir(ppy)3)/2,2’,2”-(1,3,5-
Benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi) (45 nm)/LiF (1 nm)/Al (100 nm). For the 
Figure 49 Schematic energy band diagram of the up-conversion OLEDs  
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device fabrication, first, the patterned ITO substrates were cleaned with acetone and isopropanol 
in an ultrasonic cleaner and subsequently rinsed with de-ionized water, blown dry with N2 gas. 
For a solution-processed hole blocking layer, ZnO film was synthesized by a sol-gel process 
using precursors of zinc acetate and monoethanolamine (MEA) in ethanol solvent. For the 
acceptor in the IR sensitizer layer, PCBM was deposited by solution processing. All organic 
layers in the up-conversion OLEDs were thermally evaporated at a pressure of a few 10-7 torr. As 
the OLED part, TAPC, CBP:Ir(ppy)3 and TPBi layers were used as a hole transporting layer, an 
emission layer, and an electron transporting layer, respectively. LiF/Al is a cathode electrode. All 
devices are encapsulated with a cavity glass and UV-cured resin. The active area of the final 
device is 0.04 cm2.  
Figure 51 (a) shows the J-V-L characteristics of the up-conversion OLED. For the IR irradiation, 
1μm-wavelength SWIR from monochromator was used. In the J-V characteristics (red lines), it 
clearly shows photocurrent increases current density in the devices. The IR turn-on voltage was 
5.0V, and the dark turn-on voltage was 10.0V, resulting in 5V of the operating voltage window. 
The spectral photon-to-photon (P-P) efficiency of the devices is shown in Figure 51 (b). shows 
the sensitivity on infrared beyond 1μm wavelength, range up to 1.2μm. It shows the peak IR P-P 




Figure 50 (a) Current-Voltage-Luminance (JVL) Characteristics comparison, (d) Spectral photo-response 
of the upconversion device with PCBM acceptor. 
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3.2. Acceptor Effect in the SWIR sensitizing layer of up-conversion OLEDs 
In the previous photodetector comparison, the device with C60 acceptor shows high dark current 
as well as high photocurrent Figure 52 shows device structures to compare the acceptor materials, 
C60 and PC60BM, for verifying the effect of these high currents in the SWIR-to-visible up-
conversion OLEDs. The comparison of Current-Voltage-Luminance (JVL) characteristics is 
shown in Figure 53. Like the results from the photodetectors, the dark current of PCBM device 
decreased dramatically, resulting in a significant difference between IR and dark conditions. The 
operation window is 5V, which is enough value to make the device as the IR detection device. In 
the C60 device, due to high dark current, dark turn-on voltage was 5.0V, and luminance plots 
show no significant between the dark condition and the IR condition. This device cannot work as 
a photodetection and imaging application because it does not have the operation voltage window. 
This result shows that increasing the offset between the HOMO of the acceptor and the LUMO of 





Figure 51 Schematic energy band diagram of the up-conversion OLEDs with (a) C60 acceptor, and 




3.3. Hole Transport Layer Effect between SWIR Sensitizer and Emission Layer in up-
conversion OLEDs 
To achieve high photon-to-photon conversion efficiency, a good charge balance in the OLED part 
of the up-conversion device is crucial.129, 130 While the HTL needs to have a proper HOMO level 
to efficiently extract photogenerated holes from a SWIR sensitizing layer to a light-emitting layer, 
the HTL needs to have a very shallow LUMO level to effectively block electrons injected from 
the cathode. 
In the SnNcCl2 photodetector result, TAPC was used as a hole transport layer (HTL) which also 
acts as an electron blocker to prevent the electron move from the emission layer (EML) to IR 
Figure 52 Current-Voltage-Luminance (JVL) Characteristics comparison 
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sensitizing layer. But as shown in the schematic energy diagram in Figure 54 (a), the HOMO 
level of the TAPC is -5.5eV, which is much lower than 4.9eV, the HOMO level of SnNcCl2. 
Figure 55 shows the Current-Voltage-Luminance (JVL) characteristics of the devices with 
different HTL configurations. The device with MTDATA/TAPC bilayer HTLs (red lines) shows 
much lower dark current, but similar photocurrent above the IR turn-on voltage. Although the 
Figure 53 Schematic energy band diagram of the up-conversion OLEDs with (a) TAPC single HTL and (b) 
MTDATA/TAPC bilayer HTL 
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dark current was decreased over than 101 order, the luminance of the IR condition (dashed lines) 
was increased almost twice. This result shows that MTDATA/TAPC layers facilitate the 
photogenerated hole injection from the IR sensitizing layer to the emission layer. But due to this 
effect, the dark turn on voltage of the MTDATA/TAPC bilayer device was also decreased even 
though it has much lower dark current. Consequently, the operation voltage window got only 1V 
increased.  
  
Figure 54 Comparison of TAPC single HTL and MTDATA/TAPC bilayer HTL on (a) Current-Voltage-
Luminance (JVL) Characteristics 
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3.4. Hole blocking layer in up-conversion OLEDs 
 
A key to the operation of the IR-to-visible up-conversion OLED is to keep the device in off-state 
while a voltage is applied to the device, and the device will only turn-on when infrared light is 
incident onto the device. Ideally, the device would be kept off even in the condition that a large 
voltage is applied to the device. This can be done by suppressing the injection of one type of 
carrier. Therefore, controlling the charge injection is critical to the operation of these IR-to-
visible up-conversion OLEDs. While the operation of up-conversion devices has been 
demonstrated, the effect of charge injection on device performance has not systematically studied 
previously. A good hole blocker needs to extract photogenerated electrons efficiently for avoiding 
unwanted charge accumulation, while blocking hole injection from ITO anode. The HOMO of 
the hole blocker should be deep enough to block hole injection from ITO anode, and it is 
important to minimize the energy barrier between the LUMO of the hole blocker and the IR 
sensitizing layer. There has been no published study on the detailed role of the hole blocker in the 
up-conversion devices. After the successful demonstration of SWIR-to-Visible up-conversion 
OLEDs, the hole blocker effect is needed to be studied. Figure 56 shows a schematic energy band  
Figure 55 Schematic energy band diagram of materials used in the up-conversion OLEDs  
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diagram of materials used in the up-conversion OLEDs. As hole blocker materials, zinc oxide 
(ZnO), 2,2',2"-(1,3,5-Benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi), 1,3,5-Tri(m-
pyridin-3-ylphenyl)benzene (TmPyPB), 4,4'-Bis(N-carbazolyl)-1,1'-biphenyl (CBP), and Tris(4-
carbazoyl-9-ylphenyl)amine (TcTa) were used for comparison. They have various HOMO and 
LUMO energy levels to see the effect of the hole blocking layer. A boron subphthalocyanine 
chloride (SubPc) was chosen as the small molecule acceptor to make the SWIR sensitizing layer 
suitable for the thermal evaporation, because the solution-based PCBM can be used only with 
solution-based hole blocking layer materials. The comparison of luminance-voltage (L-V) 
characteristics is shown in Figure 57 (a). The devices using TPBi, CBP, and TcTa as a hole 
blocker shows no significant difference between the dark and the IR condition. These devices 
cannot be used for the SWIR imaging application because the operation window allows the 
devices working as the light detector. The HOMO levels of TPBi, CBP, TcTa are relatively close 
to the work function of the anode, therefore, as a result, the dark turn-on voltage is almost same 
as the IR turn-on voltage. The device with the TmPyPB hole blocker has small 1.5V of the 
operating voltage window, while the ZnO hole blocker has the operation voltage window of about 
5V. The HOMO level of the TmPyPB is much shallower than the HOMO level of the ZnO, 
accordingly, the ZnO HBL device shows much higher dark turn-on voltage of 10V. Figure 57 (b) 
shows the photon-to-photon efficiency spectra of TmPyPB and ZnO HBL devices at maximum 
operation voltage, which is the bias of the dark turn-on voltage. The ZnO HBL device converted 
the IR to visible light with higher efficiency than TmPyPB HBL device, because of its wider 
operation voltage window as result of higher dark turn-on voltage. For the up-conversion device, 




Figure 56 (a) Comparison of Luminance-Voltage (L-V) Characteristics  of the up-conversion devices with 
various hole blockers, and (b) the photon-to-photon efficiency spectra of TmPyPB and ZnO HBL devices 











The all-organic infrared-to-visible up-conversion OLEDs for low-cost SWIR imaging are studied 
and demonstrated by replacing CQD SWIR sensitizers to organic SWIR sensitizers. First, 
PBDTT-BTQ as a polymer SWIR sensitizer is synthesized with SWIR sensitivity up to 1200 nm 
by using the electron donating-accepting polymeric framework method. For low-bandgap small 
molecules, SnNcCl2 is selected by the extended conjugation approach and showed strong SWIR 
sensitivity up to 1400 nm. Then, organic SWIR photodetectors using PBDTT-BTQ and SnNcCl2 
as the low-bandgap organic SWIR sensitizers are successfully fabricated with strong SWIR 
sensitivity up to 1200 nm. The photodetector using PBDTT-BTQ shows the maximum detectivity 
of 3 × 1011 Jones at the wavelength of 1000 nm, while the SnNcCl2 photodetectors showing the 
maximum detectivity of 2 × 1011 Jones at the wavelength of 1000 nm. Finally, all-organic SWIR-
to-visible up-conversion OLEDs are successfully demonstrated with SWIR sensitivity up to 




* New Scientific Findings 
• The electron donating-accepting polymeric framework approach enables significantly 
low bandgap polymers with strong optical absorption at SWIR wavelength beyond 1000 
nm. 
• The IR-to-visible up-conversion OLEDs should first have sufficiently large operating 
voltages for obtaining high photon-to-photon conversion efficiency. 
• With significantly low-bandgap donors having strong SWIR sensitivity beyond 1000 nm, 
however, the acceptors have to be sufficiently high LUMO levels of at least over 0.4 eV 
compared to the HOMO level of the SWIR sensitive low-bandgap donor for eliminating 
the charge generation effect to cause a significant reduction in the operating voltages in 
the up-conversion OLEDs, thus resulting in a significant decrease of photon-to-photon 
conversion efficiency. 
• With an ITO anode with a work function of 4.45 eV, the wide-bandgap organic or 
inorganic materials for the hole blocking layer should have deeper HOMO level or 
valence band edge of more than 6.7 eV for proper up-conversion OLED operation with 
sufficiently-large operating voltages and high photon-to-photon conversion efficiency.  
 
2. Recommendations for future research 
The combination of donor-accepter materials is important to have proper energy band alignment 
in the IR sensitizing layer. A proper acceptor material can increase the photogeneration 
efficiency, especially for the PBDTT-BTQ:PCBM devices which has the LUMO level of the 
donor is below the LUMO level of the acceptor.  In the SnNcCl2, the PCBM works as the 
acceptor, but it is better to find the small molecule acceptor material to further simplifying the 
fabrication process and the bulk heterojunction formation. 
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The light emitting part was not the focus of this dissertation, but the higher OLED efficiency will 
offer higher photon-to-photon efficiency in the up-conversion devices. The HOMO level of the 
hole transport layer material is also important because the HTL is the interface between the 
photodetector part and the OLED part in the up-conversion devices. 
As the further step to the SWIR region, the sensitizers with smaller bandgap can offer the longer 
wavelength absorption. Using the electron donating-accepting polymeric framework and the 
extended conjugation, lower bandgap materials can be synthesized or discovered. 
The ZnO was employed for the HBL in this dissertation, but the organic HBL with deep HOMO 
level can be also effective HBL and offer more continuous fabrication process.  
The spin-coating and the thermal evaporation methods are used in this dissertation, but using the 
organic materials, the printing method can be employed. The printing method offers low-cost 
fabrication and scale-up availability for ultra large area devices.  
For the actual SWIR imaging device, the up-conversion OLEDs need to be combined with the 
optics parts and the Si-based CMOS camera assembly. The incident image needs to be focused on 
the up-conversion OLED, and the converted visible image has on the CMOS sensor. With further 
development, the up-conversion OLEDs will be directly fabricated on the surface of the CMOS 
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